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RESEARCH MEMORANDUM

A LOW-PRESSURE~LOSS SHORT AFTERBURNER FOR
SEA-LEVEL THRUST AUGMENTATTON

By Carl C. Ciepluch, Wallace W. Velie, and Richard R. Burley

SUMMARY

An investigation of the problems assoclated with the design of a
low-pressure-loss, short afterburner for sea-level thrust augmentation
was conducted in a static, sea-level test stand using the power section
of a 5970-pound-thrust, axial-flow turbojet engine.

A ll%o innerbody diffuser with turbine-discharge flow-straightening
vanes installed had the lowest pressure loss of any of the diffusers
investigated. The tall-pipe pressure loss was reduced 1 percentage polint
by fairing (flattening) the afterburner fuel-spray bars, which were lo-
cated in the high Mach number, turbine-discherge flow.

The total-pressure loss of a 28-spray-bar, short-afterburner config-
uration was 5.5 percent of the turbine-discharge pressure, which was ap-
proximately equal to the loss of the standard engine tall pipe. Because
the tall-pipe pressure loss of the short afterburner was about equal to
that of the standard engine tail pipe, the nonafterburning speclfic fuel
consumption of the engine equipped with a short afterburner would be equal
to that of the standard nonafterburrning engine.

The 28-spray-bar, short-afterburner configuration had a peak com-
bustion efficiency of 0.95 at an over-all fuel-air ratio of 0.045. Max-
Imum thrust augmentation of 1l.44 was obtained with this short afterburner.

INTRODUCTION

Long-range turbojet bomber and transport alrcraft may regquire some
means of thrust boost or asugmentation for teke-off. The typlcal after-
burner augmenter ususlly adds to the nonafterburning-engine pressure
losses and thereby reduces zircraft cruising range. A program is therefore
being conducted at the NACA Lewis laboratory to investigate the problems
assoclated with the design of low-pressure-lose, lighit-weight afterburners
for this application. The length of the afterburner was arbltrarily
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limited to that of the standard engine tail pipe (approximately 4% £4).

As a result of the limited length available for the afterburner, both the
afterburner-diffuser. and combustion-chamber lengths had to be considerably
shorter than those usually used in afterburners.

Initial phases of the program are reported in references 1 and 2,
which present the performance of several short annular diffusers and the
afterburning performsnce of several short afterburners, respectively.
Although a maximum thrust sugmentation of 1.33 was obtained with one
short-afterburner configuration described in reference 2, the specific
fuel consumption during nonafterburning (cruise condition) was 3 percent
higher than that of the standard engline because of the increased pressure
loss of the short-afterburner tall pipe.

Tne purpose of the investigatlion reported herein was to extend the
diffuser work of reference 1 in an attempt to decrease afterburner pres-
sure losses and to improve upon the thrust augmentation obitained by the
short afterburners in reference 2.

Afterburner pressure loss and over-all performance were obtained in
e sgtatic, sea-level test stand with the engine operating near rated con-
ditions. The nonafterburning total-pressure losses of both diffuser con-
figurations and afterburner components were obtalned. Afterburning per-
formance data were obtalned over @ range of fuel~alr ratios at approxi-
mately rated engine conditions.

APPARATUS
Engine and Installation

~The engine used for the ingestigation was a production-model turbojet
engine with a S-minut&militery thrust rating of 5970 pounds at 7950 rpm
and an Exhaust-gas temperature of 1275° F at static, sea-level conditions.
A cross-gsectional view of the engine with a typical short-afterburner teil
pipetins;alled is shown in figure 1.

Thes engine was mounted in a static, sea-level test stand as illustra-

%pd’by the schematic dilagram in figure 2. Englne thrust was transmitted

o and measured with a null-type, balanced-air-pressure diaphragm. A
diaphragm-type seal was uged to isolate the sound-muffling exhaust cham-
ber from the test cell. Engine-inlet alr temperature was controlled with
a can-type combustion preheater. The engine alr flow was measured by a
calibrated air-measuring nozzle in the atmospheric-air inlet line and
by a flat-plate orifice in the preheater line.
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Short-Afterburner Compbnents

The afterburner components used during this investigation are shown
in figures 3 to 5.

Afterburner shell. - A single afterburner outer-shell contour was
used throughout the investigastion and is shown in Ffigure 3(a). An 8-inch,
constant-srea, annular section was added to the tail pipe downstream of
the turbine to accommodate the instrumentation that was used to measure
turbine-discharge total pressure ahead of the diffuser inlet. A 4-inch
spool section was added Jjust sghead of the exhaust nozzle to facilitate
measuring exhaust-nozzle-inlet total pressure. The over-all length of
the afterburner (from the diffuser inlet to the end of the exhaust nozzle)
was 57.6 inches. This length does not include the 8-inch constant-area
section downstream of the turbine. Also included 1n figure 3 for compar-
ison isg an 18-inch conical innerbody diffuser and tail-plipe assembly that
was used during the investigatiorn of reference 1 and the standard engine
tail pipe. :

Innerbodies. - The three conical innerbodies shown in figure 4(a)

o)
were used during the Iinvestigation. The ll% and 150 innerbodies were

approximately 18 inches in length, and the 20° innerbody was approxi-
metely 12 inches in length. '

Turbine-discharge flow-straightening vanes. - Two types of turbine-
discharge flow-straightening vanes were investigated; the physical details
of each are shown in figure 4(b). One type, referred to as the sheet-metal
straightening wvanes, was similar to that designed in reference 1. These
stralghtening venes were simple, sheet-metal, constant-curvature vanes
originally comnstructed in two parts (to correct varying amounts of whirl
across the passage). However, the part of the vane that was mounted on
the outer shell (ref. 1) was not used during this investigation; only the
part that was mounted from the innerbody was used. There were 37 vanes
equally spaced around the circumference of the diffuser inlet at the lo-
cation shown in figure 3(a).

The other type of vane, referred to as the cast straightening vane,
was designed by the engine manufacturer for an afterburning model of the
englne used during this investigation. These vanes were cast in one plece
and were twisted to correct for the varying amount of turbine-discharge
whirl. The vanes had a 2-inch cord. They were mounted, equally spaced,
on the outer shell at the diffuser inlet and did not extend to the inner-
body (fig. 3(a)). A total of 59 of these vanes was used.
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Fuel-injection systems. - Afterburner performance data were obtained
with two different fuel-injection systems. One system consilsted of 28
round spray bars equally spaced arocund the circumference of the after-~
burner with five orifices per bar injecting fuel upstresm. The other
system consisted of 16 faired spray hars equally spaced around the cir-
cumference of the afterburner with ten orifices per bar (five orifices
per side, diametrigally opposite each other) injecting fuel normal to
the flow. A comparison of the profiles at the round and faired spray
bars is shown in figure 5(b). The faired spray bars were faired gradually
in order to prevent restricting the fuel flow to the last orifices. The
spray-bar fuel orifices were located radially 1n the following menner:
The annulasr flow passage at the fuel-injection plane was divided into
8ix equal annular areas, snd the oriflces were positioned in the spray
bars at a polnt coinciding with the center of each of the annular-area
increments except the one nearest the afterburner shell. The fuel-
injectlon spray bars were located jJjust behind the straightening vanes,
approximately 5.25 inches downstream of the diffuser Inlet. Spray-bar
fuel orifices were 0.041 inech in diameter.

Flameholder. - The flameholder used during this investigation 1s
shown in figure 5{c). The flameholder, which consisted of two V-gutter
rings 0.75 inch in width, was mounted 1 inch downstream of the diffuser
innerbody. Flameholder blockage is approximately 14 percent.

Liner. - The afterburner outer shell was equipped with a perforated
liner (fig. 5 a)) similar to the one used in reference 2. The liner
was made of 1/16-inch Inconel sheet, and there was a 0.3-inch opening
between the liner and the outer shell at the upstream end of the liner
to capture turbine-discharge air for cooling of the outer shell. Liner
perforations were 3/16-inch-diameter holes spaced so that the centers

were 1/2 inch apart.

Exhaust nozzles. - During nonafterburning operation (tail-pipe
pressure-loss investigations), a 20.5-inch-diameter nozzle with a tab
adjustment was used to obtalin the deslired englne operating condltions.
Conlcal exhaust nozzles wilith exit diameters of 24.25, 25.5, and 26.0
inches were used to obtain afterburning performance.

INSTRUMENTATION

Exhaust-nozzle-exit static pressure was measured by static taps lo-
cated in the sound-muffling exhaust chamber. The engine-inlet pressure
wae assumed to be equal to the test-cell static pressure. The turbine-
discharge total pressure was measured near the end of the 8-inch constant-
area annular section ahead of the diffuser inlet.

The location and amount of instrumentation used during the investi-

gation are shown in figure 1. Diffuser-outlet (station 7) whirl and static-

pressure profiles were measured with a radially movable, wedge-type probe,
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which consisted of a 7° wedge with a static-pressure tap on each face.
In order to measure the diffuser-outlet whirl angle, the probe was posi-
tioned radially 1n the flow passage and was rotated on its axis until
the pressure on each face of the wedge was equal; the whirl angle was
then determined from the position of the probe and a previous calibration.
The stream static pressure was obtained by averaging the values from the

wedge-face static-pressure taps.

The total-pressure probes used to measure total pressure at the
turbine discharge, diffuser outlet, and exhaust-nozzle inlet had a 30°
internal chamber. These probes were able to recover aepproximately 100
percent of the velocity head up to an angle of attack of approximately
20°. Above a whirl angle of 20° the total-pressure measurements were

corrected to true stream values.

Primsry-engline-combustor fuel flow was measured with a calibrated
rotameter, and afterburner fuel flow was measured with a vane-type elec-
tronic flowmeter.

PROCEDURE

A1l short-afterburner performance data were obtained at an engline
speed of 7900 rpm, a turbine-discharge temperature of 1240° F, and an
engine-inlet temperature of 100° F. These engine operaeting conditions
were slightly less than the 5-minute military ratings and were used to
ensure longer engine life.

The pressure loss of the standard, nonafterburning-engine tail pipe
was determined in order to provide a basis for comparison with the pres-
sure loss of the final afterburning configurations. During the diffuser
investigation the fuel-spray bars, flameholder, and liner were not in-
stalled. The pressure losses of these components were measured individ-

ually while installed in the diffuser configuration with the best over-all

performance.

Afterburning performance was obtained wilth three fixed-area conical
nozzles which resulted In three over-all engline fuel~air ratios at the
specified engine operating conditions. The afterburner was lighted by
hot-streak ignition originating in one of the primary combustors.

RESULTS AND DISCUSSTONS
Diffuser Pressure Losses

BEffect of turbine-=discharge flow-stralghtening vanes on diffuser

performence. - Whirling flow often exists at the turbine discharge of

turbojet engines. The effect of various amounts of whirl on the per-
formance of annular diffusers wlth constant-diameter outer shells and
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converging innerbodiles 1s reported in references 3 to 5. In reference 1
(short-afterburner diffuser tests) whirling flow up to en angle of 20°
was encountered.at the turbine discharge. Reduction of this whirl with
the use of turbine-dlscharge flow-stralghtening vanes resulted in a
marked decrease in over-all diffuser pressure loss. Consequently, the
first step in the reduction of afterburner pressure loss was the elim-
ination of turbine-discharge whirl. :

The effect of the cast stralghtening vanes on diffuser-outlet whirl
and velocity profiles is shown in figure 6. Whirl was most severe near
the innerbody (fig. 6(a)) with a whirl angle of approximately 40° exlst-
ing at the innerbody wall. The large whirl angle nesr the lnnerbody was
a result of the amplifilcation of turbine-discharge whirl necessary to
maintain constant, streamline, angular momentum. By installing the cast
straightening vanes at the turbine discharge, the diffuser~outlet over-
8ll whirl was effectlively reduced, although & region of high whirl re-
malned near the innerbody. This region of high whirl near the innerbody
was caused by the fact that the cast stralghtening vanes did not extend
to the innerbody (fig. 6{a)). The reduction in over-all whirl with the
use of the stralghtening vanes resulted in & decrease in telil-pipe pres- .
sure loss (ratio of loss in total pressure between turbine discharge end
exhaust-nozzle inlet to turbine-discharge total pressure) from 0.056 to
0.034. .

3678

The velocity profiles (fig. 6(b)) were determined from the ratio of
local static to total pressure by using one-dimensional flow relations.
Total-pressure measurements, which were obtained with a fixed rake, were
corrected to true stream values when necessary, and, therefore, the cal-
culated velocities presented are true stream values. The velocity profile
of the diffuser with the cast straightening vanes was relatively uniform
compared with the profile of a diffuser wlthout straightening wvanes.

A comparison of diffuser-outlet whirl and velocity profiles for
both types of straightening vanes with the 11% diffuser is shown In

figure 7. ZExcept in the region of the innerbody, the cast straightening
vanes appeared more effective in reducing over-all whirl. They also
provided a more uniform velocity dist %bution at the diffuser outlet.

The tail-pipe pressure loss of the llé diffuser with cast straightening
vanes was 0.027 compared with 0.035 for the sheet-metal straightening
vanes. In view of the more effective reductlion in tail-pipe pressure loss
and the more uniform diffuser-outlet velocity profile obtained with the
cast straightening venes, these straightening vanes were used for the
remainder of the investlgatiom.

Effect -of diffusion rate. - Diffuser configurations with three 4dif-
ferent diffusion rates, all employlng the cast straightening wvanes, were
investigated to determine the effect of dlffusion rate on over-all dif-
fuser performance. The variation of diffuser srea with length ratio for
the three dilffusers investigated is shown in figure 8; also shown is the
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ares veriation of an 18-~inch conical innerbody diffuser, which had the
lowest pressure loss of the diffusers investlgated in reference 1. It
should be noted in figure 8 that each of the diffusere investigated had
a different area expansion ratio up to the end of the innerbody; there-
fore, the diffusers had verying amounts of sudden expansion lossges.
However, the maximum variation in projected area at the end of the inner-
body, for the innerbodies investigated, is only 7.5 percent of the final

diffuser area.

The bar graph inofigure 9 1illustrates the tail-pipe pressure loss
obtained with the 11% , 159, and 20° diffusers and also with the 18-inch

conical innerbody diffueser of reference 1. The ll%o diffuser, which had

a taill-pipe pressure-loss ratio of 0.027, had the lowest pressure loss

and the lowest diffusion rate of the configurations lnvestigated. O'I'he

increase in pressure loss of the 15° diffuser over that of the ll% dif-

fuser was only 0.007, compared with an increase of 0.048 for the 280 aif~
fuser over that of the 15O diffuser. The pressure loss of the 11% daif-

fuser was less than one-half the pressure loss of the 18-inch conical
innerbody diffuseir of reference 1. Part of this improvement is attributed
to improved straightening vanes and the remainder to the decresse in over-
ell diffusion rate before the end of the innerbody.

The diffuser-outlet veloclty profiles for the ll%o, 15°, and 20°

diffusers are shown in figure 10. The 20° diffuser has a severe veloecity
gradlent with veloclitles over 1000 feet per second existing near the outer
wall. Even though the pressure measurements used to obtaln the velocity
profile were made 4 inches downstream of the innerbody of the 20° dif-
fuser (see sketch in fig. 10), the flow sppears to be separated before

the end of the innerbody. This flow separation from the innerbody ac-
counts for the large increase 1n pressure loss of the 20° diffuser over

that of the 15° diffuser.

Afterburner Pressure losses

The pressure losses of the afterburning components (spray bars,
flameholder, and liner) are presented in figure 11. The component pres-
gure loss was defined as the ratio of the lncrease 1n loss of total pres-
sure between turbine discharge and exhaust-nozzle inlet to turbine-
discharge total pressure, resulting from the addition of each individueal
component. Fuel systems wlth both 28 and 16 spray bars were used for
afterburning. The pressure loss of 28 round spray bars, located 5.25
inches downstream of the diffuser inlet, was 0.013. Because local flow
Mech numbers in excess of 0.5 existed in the region of fuel injection,
the 28 spray bars were flattened or faired (fig. 5) in an attempt to
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reduce the pressure loss. As a result of fairing the 28 spray bars,
the pressure loss was reduced from 0.013 to 0.003. The pressure loss-:
of 16 faired spray bars was approximstely 0.001l. Flameholder and
acoustlc-liner pressure losses were 0.01l9 and 0.006, respectively. Ex~
cept for the diffuser, the flameholder presgure loss was the highest of
the afterburner component pressure losses.

The over-al% pressure loss of short-afterburner configurations com-
posed of the ll§ diffuser with 59 cast straightening vanes, 28 faired

spray bars, & flameholder, and a liner was 5.5 percent of the turbine-
discharge total pressure, which is about 3 percentage points lower than
the short afterburner of reference 2. The pressure loss of the standard-
engine tail pipe (fig. 3(c)) was found to be 5.6 percent of the turbilne-
discharge total pressure; thus the pressure loss of the short afterburner
is about equal to that of the standard engine tail pipe.

Afterburner Performance

Afterburning. - Two short-afterburner configurations, which differed
only in fuel systems, were investigated. The first fuel system consisted
of 28 round spray bars injecting fuel upstream, and the second fuel system
had 16 spray bars injecting fuel normal to the flow. Afterburner perform-
ance data were not obtained with a fuel system composed of 28 falred spray
bars. However, it was felt that the combustlon efficlency would not be
appreciably different from thag obtained with the 28 round spray bars.

Both afterburners used the 11% diffuser with the cast stralghtening

vanes. Afterburner combustlion performance data were obtained with three
fixed-area conical nozzles. As a result, three over-all fuel-alr ratios
were obtainable at an engine speed.of 7900 rpm and a turbine-dlscharge
temperature of 1240° F.

Over-all afterburner performance is presented In figure 12 for both
configurations. In figure 12(a) afterburner-outlet temperature is shown
as a function of over-all fuel-air ratio with lines of constant combus-
tion efficlency superlimposed. Afterburner-outlet temperature was cal-
culated from the measured thrust, mass flow, and exhaust-nozzle pressure
ratio. Afterburner combustion efficiency was defined as the ratio of
actual afterburner temperature rise to ideel temperature rise. The ideal
temperature rise was obtalned from reference 6. A peak combustlon ef-
ficiency of 0.95 was obtained for the Z28-spray-bvar configuration at a
fuel-alr ratio of 0.045, as compared with 0.83% for the 16-spray-bar con-
figuration at a fuel-sir ratio of 0.042. The superior performance of
the 28-gpray-bar configuration at higher fuel-sir-ratio levels was a result
of a more uniform circumferentisl fuel distribution. This characteristic
1s also 1llustrated in reference 7. The combustion efficiency of both
afterburner configuratlons decreased 15 to 20 percentage points for an
increase in over-all fuel-air ratio from 0.045 to 0.070. This severe de-
crease in combustion efficiency approaching the stoichiometric fuel-alr
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ratio is partially a result of the lean region near the outer shell pro-
vided for cooling the afterburner shell and liner. At high fuel-air
ratios this lean region causes the local fuel-air ratio in the remain-

der of the flow passage to be richer than stoichiometric, consequently
reducing combustion efficiency. Afterburner performasnce for configuration
4 of reference 2 is also included for comparison in figure 12(a).

The variation of augmented thrust ratio with over-all fuel-air ratio
for the two afterburner configurations is shown in figure 12(b). This
figure also includes an ideal augmented-thrust-ratio curve, which con-
siders the momentum pressure loss during heat addition based on a bulk
velocity of approximately 400 feet per second. A pesk thrust augmenta-
tion ratio of 1l.44 was obtained with the 28-spray-bar configuration at
an over-all fuel-air ratio of 0.081l. Increasing the over-gll fuel-alr
ratio above 0.081 for both configurations resulted in a decrease in aug-
mented thrust ratio as a result of the severe drop in combustion efficien-
cy. As a result of the higher combustion efficlencies of the 28-spray-
bar configuration as compared with the l6-gpray-bar configuration, the
augmented thrust ratios were 2 to 5 percentage points higher. Differences
between the ideal and actual augmented-thrust-ratio curves resulted from
combustion inefficiency and higher-than-estimated momentum pressure loss.
The actual momentum pressure loss averaged 4 percentage points higher
than calculstions based on an afterburner-inlet bulk veloecity. The aug-
mented thrust ratio of a short afterburner with a fuel system composed of
28 falred spray bars would be approximetely 1 percent higher than for the
short afterburner with 28 round spray bars because the tail-plipe pressure

loss 18 1 percent lower.

Throughout the afterburning portion of the lnvestigation, no serious
outer-shell hot spots or evidence of combustion screech was encountered.
The sbsence of afterburner hot spots and screech is attributed to the
perforated liner. No liner damage was noted quring the investigation.

Nonafterburning. ~ For application of the short afterburner to long-
range aircraft, the nonafterburning performance of the short afterburner
is important from considerations of engine fuel economy during cruise
flight conditions. Although engine cruise conditions were not simulated
during the Investigation, the nonafterburning performance obtalned is a
close approximation of the crulse performance. Since the thrust of the
engine is approximastely proportional to the exhaust-nozzle total pressure,
talil-pipe pressure lossee result 1n a reduction in thrust and consequently
an incresse in specific fuel consumption. Because the nonafterburning
tail-pipe pressure loss of the short afterburner with 28 faired spray bars
was approximately equal to that of the standsrd nonafterburning engine,
the specific fuel consumption of the engine equipped with & short after-
burner would be approximetely equal to that of the standarl engine.
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SUMMARY OF RESULTS

The following results were obtained from an Investigation of the
problems assoclated with the design of a low-pressure-loss, short after-
burner for ses-level thrust sugmentation.

It was found that turbine-discharge whirl resulted in sizable dif-
fuser pressure losses. These losses Were reduced by the addition of
flow-straightening vanes at the turbine dischargé. "An afterburner dif-

fuser consisting of a cylindrical outer shell and a lllo, blunt-end in-

nerbody had a lower pressure loss thaen elther a 15° or 200, blunt-end in-~
nerbody diffuser. The increase in tail-pipe pressure loss due to the
afterburner spray bers was important in short-afiterburner installations
where fuel spray bars are located in high Mach number, turbine-discharge
flow. The pressure loss of 28 round spray bars was reduced from 0.01l3 to
0.003 by fairing (flattening) these sprey bars. The tail-pipe pressure
loss of one of the short-afterburner configurations was 0.055, which was
approximately equal to that of the standard-engine tail pilpe.

3678

The peak afterburner combustion efficlency increased 12 percentage
points by changing from a 16- to a 28-spray-bar fuel system A peak N
combustion efficiency of 0.95 was obtalned at a fuel-air ratio of 0.042 -
for the short afterburner with the 28-spray-bar fuel system. A maximum
augmented thrust ratioc of 1.44 was obtained for the short-afterburner
configuration with 28 spray bars at a fuel-air ratio of 0.061. The spe-
cific fuel consumption of the engine equipped with a short afterburner
while operating at cruise condlitions was expected to be equal to that of
the standard nonafterburning engine because the tail-pipe pressure losses
were spproximetely equal.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, April 26, 1855
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Turbine-discharge flow-straightening vane
Diffuger inlet Outer shell
Turbine-discharge addition Strut 14.0
13.28
Innerbody——d(//
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= —5.6
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|

(a) Typical afterburner outer shell and
innerbody assembly for diffuser tests.

Turbine-discharge
flow-straightening vanes

(b) 18-Inch conical innerbody diffuser (ref.l).
|

Strut

17.15 | | T
10. 28

[ 13. 1281

“(c) Standard teil pipe.

Figure 3. - Short afterburner and stemdard engine tail pipes.
(A1l dimensions in inches.)
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Figure 6. - Effect of cast straightening vanes on diffuser-
outlet whirl and velocity profiles for 15° diffuser.
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Figure 12. - Afterburner performance.
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